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RSHUDWLQJ FRQGLWLRQV 5DIIHUW\ 7KH ORZHU WKHUPDO FRQGXFWLYLW\ RI WKHVHZRUNLQJ IOXLGV OLPLWV WKH WKHUPDO
SHUIRUPDQFH HQKDQFHPHQWRI WKH/+3V)OXLGZLWK QDQRSDUWLFOHV LV UHIHUUHG WR DV QDQRIOXLG D WHUPSURSRVHGE\
&KRL 7KHWHUPµQDQRIOXLG¶UHIHUVWRDWZRSKDVHPL[WXUHZLWKLWVFRQWLQXRXVSKDVHEHLQJJHQHUDOO\DOLTXLG
DQGWKHGLVSHUVHGSKDVHFRQVWLWXWHGRIµQDQRSDUWLFOHV¶LHH[WUHPHO\ILQHPHWDOOLFSDUWLFOHVRIVL]HEHORZQP,Q
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QDQRIOXLGLVDSURPLVLQJKHDWWUDQVIHUIOXLGLQYDULHW\ RIDSSOLFDWLRQV
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FRQGXFWLYLW\ DQG FULWLFDO KHDW IOX[ IRU H[DPSOH ;XDQ DQG /L  'DV HW DO  7KHVH DGYDQWDJH LV




RXW H[SHULPHQWDOO\ DQGKHQFHYDOLGDWLQJ WKH H[SHULPHQWDO ILQGLQJV LV GLIILFXOW 6KDIDKL HW DO $OL]DG HW DO
'RDQG-DQJHWDO 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SHUIRUPDQFHRI/+3XVLQJDOXPLQD$O2±+2QDQRIOXLGIRUYDULRXVPDVVFRQFHQWUDWLRQVZKLFKUDQJHGIURP







RI WKLV H[SHULPHQW ULJ LV WR GHWHUPLQH WKH WKHUPDO SHUIRUPDQFH RI /+3 FKDUJHGZLWK $O2±+2 QDQRIOXLG ZLWK
PDVV FRQFHQWUDWLRQ UDQJHG IURP  DV D ZRUNLQJPHGLXP 7KH /+3 VKRZQ LQ )LJ  KDV D IODW HYDSRUDWRU
ZKLFKLVFRPELQHGZLWKWKHFRPSHQVDWLRQFKDPEHUZLWKDWRWDOGLPHQVLRQRIPPî PPîPP$ZDWHU
WDQNZLWKOLWHU JODVVYHVVHOHTXLSSHGE\GUDLQYDOYHLVXVHGDVOLTXLGUHVHUYRLUDQGFRQQHFWHGWRDSXPSZKLFK
LV EXLOW LQ ORZ QRLVH DQG ORZ YLEUDWLRQ 7R REVHUYH WKH SKHQRPHQD LQVLGH WKH /+3 WKH YDSRU OLQH LV PDGH RI
WUDQVSDUHQW SODVWLFWXEH7KHRWKHUSDUWRIWKH/+3LVPDGHRIFRSSHU7KHLQWHUQDODQGH[WHUQDOGLDPHWHUVRIERWK
YDSRU DQG OLTXLG OLQHV DUH  PP DQG  PP UHVSHFWLYHO\ 7KH FRQGHQVHU VHFWLRQ LV PDGH RI  DOXPLQXP
UHFWDQJXODU ILQV DQG FRROHG E\ LQVWDOOLQJ WZR SLHFHV RI ORQJ VFUHZHG IDQV 7R PDLQWDLQ VWHDG\ VWDWH FRROLQJ
FRQGLWLRQVLQWKHFRQGHQVHUVHFWLRQWKHWHPSHUDWXUHDQGIORZUDWHRIWKHFRROLQJOLTXLGDUHIL[HGDWFRQVWDQWYDOXH
7KH YDFXXP LV PDLQWDLQHG LQ WKH KHDW SLSH E\ KHDWLQJ WKH WXEH DW WKH HYDSRUDWRU VHFWLRQ DQG WKH LPSXULWLHV DUH
UHPRYHGE\RSHQLQJWKHSUHVVXUHUHOHDVHYDOYH7RPLQLPL]HWKHKHDWORVVWKHZKROH/+3LVLQVXODWHGE\XVLQJJODVV
ZRRO$FRSSHUEORFNZLWKKHDW URGV LQVLGH LVXVHG WR VLPXODWH WKHKHDW VRXUFH DQG WKHFRQWDFWDUHDEHWZHHQ WKH
HYDSRUDWRUDQGWKHKHDWVRXUFHLVPPîPP,QWKLVH[SHULPHQWWKH.W\SHWKHUPRFRXSOHVDUHLQVWDOOHGRQWKH
SLSHZDOOLQGLIIHUHQWORFDWLRQVRIWKHORRSLQFOXGLQJWKHFRSSHUEDVHSODWH7EWKHHYDSRUDWRU7HWKHYDSRUOLQH
7Y WKH FRQGHQVHU VHFWLRQ 7F DQG WKH OLTXLG OLQH 7O 7KH WHPSHUDWXUHV PHDVXUHG E\ WKH WKHUPRFRXSOHV DUH
FROOHFWHGWKURXJKDGDWDDFTXLVLWLRQ$JLOHQW$ZLWKVDPSOHUDWHRI+]DQGFRQQHFWHGWRD3&WRFROOHFWWKH
GDWD 7KHH[SHULPHQWV DUHFRQGXFWHG XQGHU DKHDWLQJSRZHURI :7KHDLUIORZYHORFLW\LVIL[HGDVPVDQGWKH
FRRODQWIORZUDWHLVOLWHUV SHUKRXUFRQWUROOHGE\DGMXVWLQJWKHIORZFRQWUROYDOYH,QRUGHUWRVWXG\WKHWUDQVLHQW
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7DEOH 6SHFLILFDWLRQVRI/+3
1DQRIOXLG SUHSDUDWLRQ
,Q WKH SUHVHQW VWXG\ WKUHH PDVV FRQFHQWUDWLRQV I   DQG  DUH WHVWHG IRU $O2+2
QDQRIOXLGV 'HLRQL]HGZDWHULVXVHGDVWKHEDVHOLTXLG 7KHDOXPLQD$O2QDQRSDUWLFOHVWKDWXVHGIRULQYHVWLJDWLRQ
KDYHDQDYHUDJHVL]HRIQP DQGGHQVLW\RIJFP7KHSKRWRJUDSKLFYLHZRIWKH$O2 QDQRSDUWLFOHVDVVHHQ
E\WKHQDNHG H\HV LVVKRZQLQ)LJ 7KH$O2 QDQRSDUWLFOHVZLWK JJDQGJDUHXVHGWRSUHSDUHPORI
$O2+2 QDQRIOXLG ZKLFK FRUUHVSRQGV WR   DQG  SDUWLFOH PDVV FRQFHQWUDWLRQ UHVSHFWLYHO\
$OXPLQD QDQRSDUWLFOHVDUHZHLJKWHGYHU\DFFXUDWHO\XVLQJDVHQVLWLYHEDODQFHZLWKDPJUHVROXWLRQ 7KHSDUWLFOH










:  $PRXQWRI $O2 QDQRSDUWLFOHVLQJUDP
:EI  $PRXQWRIEDVHIOXLGLQ JUDP
7KHUPDODQDO\VLV
7KH REMHFWLYH RI WKH FXUUHQW VWXG\ LV WR VWXG\ WKH WRWDO WKHUPDO UHVLVWDQFH 5W DQG WKH WHPSHUDWXUH
GLVWULEXWLRQVRIWKH/+3XVLQJ $O2+2 QDQRIOXLGDVZRUNLQJIOXLGVIRU KHDWLQSXWRI: XQGHUVWHDG\VWDWHDQG
WUDQVLHQWFRQGLWLRQV7KHUHVXOWVREWDLQHG IURPH[SHULPHQWDO LQYHVWLJDWLRQXVHG WRYHULI\E\)(0VLPXODWLRQ7KH
QDQRSDUWLFOHPDVVFRQFHQWUDWLRQ WKDW \LHOGV WKHPLQLPXP 5W LV WKHQIRXQGRXWDQGWKHHIIHFWLYHWKHUPDOFRQGXFWLYLW\
NHIIRIHYDSRUDWRUVHFWLRQYDSRUOLQHDQGOLTXLGOLQHLVFDOFXODWHGDQGWKHYDULRXVVWHSVWRHVWLPDWH 5W DQG NHII DUHDV
IROORZV7KHWKHUPDOUHVLVWDQFHQHWZRUNRIWKHV\VWHPLVVKRZQLQ )LJ
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$FFRUGLQJWRWKHWKHUPDOUHVLVWDQFHQHWZRUNDVVKRZQLQ )LJWKH 5W RIWKHV\VWHPLVJLYHQE\
OFYHEW 555555  
'LIIHUHQW YDOXHV RI HIIHFWLYH WKHUPDO FRQGXFWLYLW\ NHII DUH XVHG LQ WKUHH GLIIHUHQW UHJLRQV RI WKH /+3
LQFOXGLQJHYDSRUDWRUVHFWLRQYDSRUOLQHDQGOLTXLGOLQH7KHYDOXHVRI NHII DUHFDOFXODWHGE\XVLQJHTXDWLRQVVKRZQDV
EHORZ )UDQFKLDQG +XDQJ 7KH NHII YDOXHIRUHYDSRUDWRUVHFWLRQYDSRUDQGOLTXLGOLQHVRI/+3 FKDUJHG ZLWK










ZKHUH 4 LVWKHKHDWLQSXW /H GHQRWHVWKHOHQJWKRIHYDSRUDWRUDQG $K LVWKHFURVVVHFWLRQDODUHDRIWKH/+3


























7KHSXUSRVHRIVLPXODWLRQLQ WKHSUHVHQWVWXG\LVWRYHULI\ WKHH[SHULPHQWDOREVHUYDWLRQV$FFRUGLQJO\ D
WKUHHGLPHQVLRQDO' PRGHOLVGHVLJQHGE\DVVXPLQJWKHZKROH/+3DVDFRQGXFWLQJPHGLXP ZLWKRXWWDNLQJLQWR
DFFRXQW WKHHYHQWVRFFXUULQJ LQVLGH WKH/+3 7KHVLPXODWLRQ LVSHUIRUPHG LQFRPPHUFLDO)(0VRIWZDUHSDFNDJH
$16<6IRU/+3 FKDUJHGZLWK $O2+2 QDQRIOXLG RI  PDVVFRQFHQWUDWLRQ7KH'PRGHORIWKHFRPSOH[/+3
DVVHPEO\LVEXLOWLQ3UR(QJLQHHU:LOGILUHDQGLVH[SRUWHGWR$16<67KH/+3FRQVLVWVRIFRSSHUEDVHSODWH
KHDW VRXUFH HYDSRUDWRU YDSRU OLQH FRQGHQVHU ZLWK  DOXPLQXP UHFWDQJXODU ILQV DQG OLTXLG OLQH 7KH KLJK
HIIHFWLYHWKHUPDOFRQGXFWLYLW\RI/+3LVPHVKHGZLWKPPHOHPHQWHGJHOHQJWKZKHUHDVWKHFRSSHU EDVHSODWHDQG
DOXPLQXPILQVKDYHFRDUVHPHVKHVRIPPHGJH OHQJWK IRUPLQJD WRWDORI WULDQJXODUHOHPHQWV7KHKHDW
IOX[RI  :P DSSOLHGRQWKHERWWRPRIWKHEDVHLVFDOFXODWHGE\4$EZKHUH4LV:DQG$E LVWKHEDVH
VXUIDFH DUHD P 7KH LQLWLDO WHPSHUDWXUH LV WDNHQ DV  & DQG WKH WRWDO WLPH VWHSV WKXV WKH QXPEHU RI
LWHUDWLRQVDUHWDNHQDV7KHKHDWWUDQVIHUFRHIILFLHQW RI/+3FDOFXODWHGXVLQJ (T LV WDNHQDV  :P.
ZKLFK FRUUHVSRQGV WR/+3 FKDUJHG ZLWK  $O2+2 QDQRIOXLG7KHPDWHULDOSURSHUWLHVVHOHFWHGDUHVXPPDUL]HG
LQ 7DEOH ,WLVWREHQRWHGWKDWWKHYDOXHRI N IRUHYDSRUDWRUVHFWLRQYDSRUDQGOLTXLGOLQHVRIWKH/+3 FKDUJHG ZLWK






,QVWHDGRIVDWXUDWHGYDSRU WZR GLIIHUHQWIORZSDWWHUQVDUHREVHUYHGLQWKHYDSRUOLQHXVLQJ SXUH ZDWHU 
DQG $O2+2 QDQRIOXLG ZLWKSDUWLFOHPDVVFRQFHQWUDWLRQVRIDQGDVVKRZQLQ )LJ :LWKDKHDWLQJ
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$OXPLQXP   
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
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
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LQVLGH WKH YDSRU OLQH DV VKRZQ LQ )LJ E F DQG G ,W LV DOVR REVHUYHG WKDW WKH QXFOHDWLRQ VL]H RI EXEEOH
IRUPDWLRQ LVJHWWLQJUHGXFHGDQGWKHTXDQWLW\RIEXEEOHV IRUPDWLRQ DUH JHWWLQJLQFUHDVHGDVWKHPDVV FRQFHQWUDWLRQ
LQFUHDVHV IURP WR )URP WKH UHVXOWV REWDLQHG WKH ORZHVW WKHUPDO UHVLVWDQFH LV H[SHFWHG LQ/+3XVLQJ 
$O2+2QDQRIOXLG7KHUHDVRQ IRU UHGXFLQJ WKH WKHUPDO UHVLVWDQFHRIKHDWSLSH FDQEHH[SODLQHGDV IROORZV$
PDMRU WKHUPDO UHVLVWDQFHRIKHDWSLSH LVFDXVHGE\ WKHIRUPDWLRQRIYDSRUEXEEOHVDW WKH OLTXLG±VROLG LQWHUIDFH$
ODUJHU EXEEOH QXFOHDWLRQ VL]H FUHDWHV D KLJKHU WKHUPDO UHVLVWDQFH WKDW SUHYHQWV WKH WUDQVIHU RI KHDW IURP WKH VROLG
VXUIDFHWRWKH OLTXLG &ROOLHUDQG 7KRPH7KHVXVSHQGHGQDQRSDUWLFOHV LQVLGHWKHZDWHU WHQGWRERPEDUGWKH
YDSRUEXEEOHGXULQJWKHEXEEOHIRUPDWLRQ7KHUHIRUHLWLVH[SHFWHGWKDWWKHQXFOHDWLRQVL]HRIYDSRUEXEEOHLVPXFK
VPDOOHUIRUIOXLGZLWKVXVSHQGHGQDQRSDUWLFOHVWKDQWKDWZLWKRXWWKHPDVUHSRUWHGE\ 7VDLHWDO  $FFRUGLQJ WR




)LJ  VKRZVWKHUHODWLRQVKLSRIWRWDOWKHUPDOUHVLVWDQFH5WRI /+3FKDUJHGZLWK $O2+2 QDQRIOXLG DW




E\ :DQJ HWDO DQG ;XDQDQG /L ZKLFKUHVXOWVLQWKHUHGXFWLRQRI 5W RIWKH/+3FKDUJHGZLWK $O2
+2 QDQRIOXLG DVGLVFXVVHG LQ WKHSUHVHQWVWXG\ $PLQLPXPYDOXHRI WRWDO WKHUPDO UHVLVWDQFHZDVIRXQGDWPDVV
FRQFHQWUDWLRQRIZKLFKLV  &:,QWKHLQWHULPWHVWUHVXOWVVKRZHGWKHDYHUDJHGHFUHDVHRI  DW
QDQRSDUWLFOHPDVVFRQFHQWUDWLRQVUDQJLQJIURPWRLQ 5W RI /+3DVFRPSDUHGZLWKSXUHZDWHU ZKLFK
SURYHVLWVHOIDVDVXSHULRUKHDWWUDQVIHUZRUNLQJIOXLGIRU /+3 +RZHYHUWKHGHFUHDVHGLQ 5W EHFRPHVLQVLJQLILFDQW
RU DOPRVW UHPDLQ FRQVWDQW DV WKHSDUWLFOHPDVV FRQFHQWUDWLRQ LQFUHDVHG IXUWKHU IURP WR DV FRPSDUHGZLWK
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VDPHKHDWLQSXWSRZHU LQWKHYDSRUOLQH7KH\DUHVOXJDQG EXEEO\7KHWKHUPDODQDO\VLVRIWKH/+3 FKDUJHG ZLWK
$O2+2 QDQRIOXLG ZLWK SDUWLFOH PDVV FRQFHQWUDWLRQ UDQJHG IURP  WR  LV VWXGLHG 7KH UHVXOWV RI WKH
VLPXODWLRQVKRZHGWKHSRVLWLYHLQIOXHQFHRIQDQRIOXLGXWLOL]LQJDVDKHDWSLSHZRUNLQJIOXLGRQWKHV\VWHPWKHUPDO
SHUIRUPDQFH ,W LV IRXQG WKDW WKH 5W RI/+3GHFUHDVHVZKHQ SDUWLFOHPDVV FRQFHQWUDWLRQ RI $O2+2 QDQRIOXLG
LQFUHDVHV +RZHYHU WKHUHH[LVWHGDQRSWLPDOFRQFHQWUDWLRQRIDWZKLFK WKHUHGXFWLRQ LQ 5W LVQRWDSSDUHQWRU
UHPDLQV FRQVWDQW WKHUHDIWHU $SDUW IURP WKH VWXG\ RQ WKHUPDO UHVLVWDQFH WKH WUDQVLHQW WHPSHUDWXUH GLVWULEXWLRQV
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IDVWHUWKDQ/+3 FKDUJHGZLWK SXUHZDWHU$VWKHXVHRIQDQRIOXLGLQKHDWSLSHLVJDLQLQJDWWUDFWLRQLQDQLPSHWXRXV
GHYHORSPHQWRI WHFKQRORJ\LQWKLVVSKHUHDQGDFFRPSDQLHGE\DFRQVWDQWO\JURZLQJDPRXQWRIKHDWGLVVLSDWHGE\
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